We have determined the characteristics of exchange bias in Co-Ni/FeMn bilayers with a fixed FeMn thickness of 150 Å but Co-Ni layer with different magnetizations by varying its composition. The exchange coupling energy ⌬ϭH E t FM M FM is not constant, but varies as c (M FM ) 1/2 , due to the local magnetic field from the ferromagnetic layer that dictates the spin structure of the antiferromagnetic layer during field cooling. DOI: 10.1103/PhysRevB.63.104406 PACS number͑s͒: 75.70.Cn, 75.30.Gw Recently, a great deal of attention has been focused on the exchange coupling in ferromagnet ͑FM͒/antiferromagnet ͑AF͒ bilayers because of its rich physics and important applications in spin-valve giant magnetoresistance ͑GMR͒ devices.
Recently, a great deal of attention has been focused on the exchange coupling in ferromagnet ͑FM͒/antiferromagnet ͑AF͒ bilayers because of its rich physics and important applications in spin-valve giant magnetoresistance ͑GMR͒ devices. 1 After the exchange coupling has been set, usually by field cooling, the hysteresis loop of the FM layer is shifted away from the origin by an amount known as the exchange bias field H E , accompanied by an enhanced coercivity H c . 2 The characteristics of the FM/AF exchange coupling have been found to depend on the constituent materials, their thicknesses, the field-cooling procedure, and temperature. 3 The exchange coupling in a FM/AF bilayer can be described by the free energy per unit area
excluding the interactions within the FM and the AF layers. The second term is the Zeeman energy of the FM layer of magnetization M FM and thickness t FM , whereas the first term is the all important exchange interaction between the FM spin S FM and the AF spin S AF across the FM/AF interface. The exchange bias field can be generally expressed as
For a particular combination of FM and AF materials, the 1/t FM dependence of H E has been demonstrated by many experiments. 3 The dependence of H E on the temperature dependence of M FM (T), not readily observable for most FM's with high Curie temperature T C , has been observed in FM's with low T C . 4 The key quantity for understanding the exchange bias field H E is U(S FM ,S AF ). Assuming a Heisenberg-type exchange interactions, U(S FM ,S AF ) takes the form of ⌺J i j S FM •S AF , where J i j is the interaction strength between the FM and the AF moments. If one further assumes nearest-neighbor interactions, U(S FM ,S AF ) has the form of nJS FM S AF , where n is the number of interactions per unit area. 2 As mentioned earlier, ones needs to set the exchange bias, which most often is accomplished by cooling the bilayer in an external magnetic field ͑or cooling field͒ from an elevated temperature to the operating temperature. The cooling field serves the purpose of aligning the magnetization of the FM layer during the cooling process, so that the AF spin structure can be established with the FM layer in the singledomain state. The direction of the unidirectional anisotropy is established by the magnetization direction of the FM during field cooling, rather than that of the cooling field. 5 By manipulating the field cooling procedure, one can alter the value and even the sign of H E , but not the value of H c . 6 In the usual field-cooling procedure with a constant magnetic field, the magnitude of the cooling field generally does not influence the resultant exchange bias field H E , except only in Fe/FeF 2 . 7 For example, the exchange bias field in Permalloy/CoO has been found to be independent of the value of the cooling field up to 5 T. 8 Instead, the exchange bias field is set by the strong local magnetic field due to the magnetization of the FM layer near the FM/AF interface that influences the AF spin structure. Thus the exchange bias coupling must depend on the magnetization of the FM layer, in addition to the 1/M FM dependence in Eq. ͑2͒. This crucial information is contained in ͉U(S FM ,S AF )͉, which, according to Eq. ͑2͒, can be measured from H E t FM M FM using bilayers with the same AF layer but different FM layers of known values of M FM and t FM .
In this work, we address characteristics of ͉U(S FM ,S AF )͉ by studying FM/AF bilayers consisting of FM alloys of different composition and the same AF layer. As mentioned above, because the quantity of ͉U(S FM ,S AF )͉ depends on n, the number of interactions per unit area across the FM/AF interface, it is essential for such studies that both the FM alloys and the AF material share the same crystal structure, and with the same crystalline orientation. For these considerations, common FM/AF bilayers such as Fe/CoO, Ni/NiO, Fe/FeMn, and permalloy/CoO, which are combinations of FM's ͑bcc Fe, fcc Ni, fcc permalloy͒ and AF's ͑CoO, NiO, FeMn͒ with different crystal structures are undesirable. We have chosen Co-Ni/FeMn layers, in which both Co-Ni alloys and FeMn share the same fcc structure and with the same crystalline ͑111͒ orientation. By varying the composition of the Co-Ni alloys, we can determine the consequence of systematically altering the magnetization of the FM layer.
The Co-Ni/FeMn samples have been made by a multisource sputter deposition system with a base pressure of 5 ϫ10 Ϫ8 torr. Instead of fabricating many Co-Ni/FeMn samples with different Co-Ni compositions, which are susceptible to run-to-run variations, we have made a single specimen of Co 1Ϫx Ni x /FeMn. The FeMn layer, about 150 Å thick, is deposited from a single FeMn target onto a Cu buffer layer of 300 Å to promote the growth of ͑111͒ ori- Since we wish to vary the magnetization M FM of the Co-Ni alloys systematically, we have adjusted the deposition rates of the Ni and the Co sources such that the variation of magnetization M FM is approximately linear along the direction of the composition gradient. This is shown in Fig. 1͑a͒ , where the measured magnetization M FM is approximately linear in distance z along the gradient direction. The variation can be well described by M FM ϭ(565ϩaz ϩbz 2 ) emu/cm 3 with aϭ74.9 cm Ϫ1 and bϭϪ2.16 cm
Ϫ2
. Across the composition gradient, M FM varies by about a factor 2. The linear variation of M FM is at the expense of uniform film thickness. We have separately measured the film thickness along the gradient as shown in Fig. 1͑b͒ . The film thickness t FM at the Ni-rich end of Co 0.06 Ni 0.94 ͑near zϭ0) is about 25% larger than that at the Co-rich end of Co 0.64 Ni 0.36 ͑near zϭ10 cm). In this manner, both M FM and t FM at each location has been determined. The large specimen was then cut into many small samples along the gradient direction and separately measured. In the hysteresis loop measurement of individual small samples using a vibrating sample magnetometer ͑VSM͒, the composition and thickness of each small sample is essentially constant. Each sample was separately cooled from 170°C to room temperature in a 0.5-T magnetic field applied perpendicular to the composition gradient direction to establish the unidirectional anisotropy. After field cooling, the sample was measured at room temperature by a VSM. Because the Curie temperatures of the Co-Ni alloys are so much higher, 10 the observed changes in exchange coupling is essentially all due to the magnetization of the Co-Ni alloys.
Representative hysteresis loops of Co-Ni/FeMn bilayers with different M FM are shown in Fig. 2 The earliest model for exchange bias was proposed by Meiklejohn and Bean, assuming a static AF spin structure, in which the AF spin structure remains fixed throughout the reversal process of the FM layer. 2 In this model, the exchange bias is strictly an interfacial effect with the prediction of H E ϭCJ ex /t FM , where C is a constant and J ex is the interaction strength between the interfacial FM and AF moments. Consequently, according to this model of a static AF spin structure, H E t FM should be a constant independent of M FM . Experimentally, as shown in Fig. 3͑a͒ , H E t FM is clearly not a constant, but decreasing by a large amount with increasing M FM .
Most micromagnetic calculations have shown that the AF spin structure is not static but dynamic. Mauri et al. have proposed a model with a dynamic AF spin structure. 9 During the reversal of the FM layer, the AF spins fan out resulting an spiraling spin structure with an AF domain wall. The exchange coupling energy is due to the exchange stiffness A and the crystalline anisotropy constant K of the AF layer by the relation of
. In this model, H E t FM M FM should be independent of M FM for the same AF layer due to the limitation imposed by the formation of an AF domain wall during the reversal of the FM layer. Experimentally, as shown in Fig. 3͑b͒ , H E t FM M FM is not constant but depends on M FM ; H E t FM M FM increases by about 30% for M FM from 600 to 1200 emu/cm 3 . Recently, the exchange coupling energy has also been found to depend on M FM in CoO-based bilayers. 11 However, both of these models have neglected effects during the field-cooling process, in which, as mentioned earlier, the AF spin structure is strongly influenced by the local magnetic field from the FM layer. Indeed, for a given AF, its uncompensated AF spin structure and the associated exchange coupling energy have been found to scale with M FM , as shown in Fig. 3͑b͒ . In fact, we have found that the results in Fig. 3͑b͒ can be well described by the simple relation of ⌬ϭc(M FM ) 1/2 , where cϭ0.12 erg/͑emu/cm͒ 1/2 . This is a clear evidence that for a given AF material, the exchange coupling energy in an FM/AF bilayer is dictated also by the local magnetic field via the magnetization M FM of the FM layer during field cooling.
Finally, we describe the dependence of the characteristics of the shifted hysteresis loop (H E and H c ) due to exchange bias for different M FM at a representative FM thickness of t FM ϭ150 Å. These values are shown in Fig. 4 . This is due to the fact that, during the field-cooling process, the FM layer with a larger M FM introduces a stronger local magnetic field that sets the AF spin structure and the subsequent exchange bias. However, while the coupling energy scales with M FM , the exchange bias field H E is larger and the coercivity H c is smaller for FM with a smaller M FM .
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